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I. INTRODUCTION 
Nuclear fuel management can be divided into two major 
subdivisions: out-of-core management and in-core management. 
In the former, the major efforts are purchasing and 
contracting services such as conversion, enrichment, fabri­
cation and reprocessing. The objectives of out-of-core 
management are to minimize the cost of the required compo­
nents and services and to reduce the time that fuel is in 
processing, which, in turn, minimizes interest charges on 
the capital tied up in fuel inventory. In-core nuclear fuel 
management, on the other hand, involves optimization of the 
use of the nuclear fuel while in residence within a reactor 
core for a period of time. During this period, i.e., 
approximately one year, only the movement of the fuel within 
the core followed by eventual fuel removal can occur. In-
core fuel management serves to optimize the nuclear fuel 
utilization and the overall performance of the plant. There­
fore, in-core nuclear fuel management requires a thorough 
knowledge of the entire fuel cycle in order to relate how 
each aspect of the total cycle will affect the nuclear fuel 
cycle cost. It also determines the refueling policies which 
satisfy reactor operational and safety constraints. 
The object of this study is to produce a programmed set 
of rules which will optimize the in-core fuel loading 
2 
pattern for any given set of fuel assemblies by minimizing 
the core power peaking factor. 
The three main factors in this study, which are con­
trollable and which determine the fuel management policies 
are: reloading fuel batch size, uranium enrichment and the 
core reloading pattern for each cycle. These factors are 
used in the search for an optimum refueling policy subject 
to several constraints imposed by safety, licensing require­
ments and reliability of operation. Also there are certain 
applied constraints: maximum assembly burnup, maximum 
assembly peak power, maximum and minimum cycle length and 
minimum shutdown margin at BOC (beginning of cycle) and EOC 
(end of cycle). 
Because there are many choices, in order to determine an 
optimum policy, a non-equilibrium fuel management opti­
mization method has been developed for PWRs (pressurized 
water reactors). The optimization method consists of 
several essential functions in the search for the best 
refueling process over several cycles and is characterized by a 
multistage decision process. At each reloading, a choice of 
several batch sizes of different fuel enrichments is 
possible. For a particular batch size and enrichment, a 
shuffling method determines the loading pattern which will 
give an acceptable power distribution within the technical 
specification limits. 
3a 
The model used for the neutronic simulation of the 
reactor core needs to produce estimates of reactivity changes 
that are caused by various fuel shuffling schemes. A two-
group, two-dimensional diffusion theory model along with 
two-group perturbation theory (1) are used to satisfy these 
requirements. In the developed fuel management plan, a 
final computational check is made of the perturbation-
estimated quantities so that the use of two-group pertur­
bation theory is adequate. 
In Chapter II are outlined some of the previous and 
current methods and studies in optimization of nuclear fuel 
loading patterns. Also outlined is the proposed philosophy 
of the approach of this study. A two-group diffusion 
theory method was the nuclear model used throughout the 
study. This model is described in Chapter III. The two-
group perturbation theory used to estimate the reactivity 
changes that are caused by various fuel shuffling schemes 
will be described in Chapter IV. In Chapter V is the 
description of the fuel loading and fuel shuffling pro­
cedures. A binary shuffling technique (2) was employed in 
this study. Procedures used in the fuel shuffling program 
are shown in Chapter VI. The tests and results of the 
program indicate the validity of the shuffling logic, and 
are shown in Chapter VII. The conclusion and the recommen-
3b 
dations for further studies are in Chapter VIII. The refer­
ence reactor design data (3) are listed in the Appendix. 
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II. REVIEW OF PREVIOUS STUDIES 
In-core fuel management has been studied by many 
investigators using varied techniques. Early work concen­
trated on techniques which utilized bumup as an object 
function to be optimized in predicting optimum core loading 
patterns. Normally most studies have assumed an equilibrium 
fuel cycle. 
Glasstone and Sesonske (4) first suggested that batch 
loading could be used in in-core fuel management problems. 
Zone loading (out-in or scatter loading) was also suggested. 
Wall and Fenech (5) demonstrated that dynamic programming 
could be used to solve this problem. It was demonstrated that 
representation of bumup as the major variable involved the 
interrelationship between several cycles. However, his 
approach was limited in that his dynamic programming method 
was time consuming and could solve only few region problems. 
Also, he neglected power peaking factors , which may limit the 
maximum power density. Stover and Sesonske (6), Pagan and 
Sesonske (7) made other attempts to optimize bumup. These 
efforts were expanded to include scatter loadings with fuel 
shuffling between zones. Fagan's shuffling patterns could 
maximize the core life at each reload point for the life 
of the reactor, thus obtaining a minimum fuel cycle cost. 
His analysis treated more zones but the nuclear model was 
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one-dimensional and was unable to pinpoint and automate 
exactly where each fuel element should be placed at the 
beginning of the next fuel cycle. A method described as 
"elimination of similar end states" was used by Stover. 
Since the computer storage requirement is one of the 
most serious difficulties of dynamic programming. Stover 
was able to handle more state variables and thus handle 
more zones than Wall by elimination of similar end states. 
Other attempts to utilize dynamic programming to 
optimize burnup has been tried by Suzuki and Kiyose (8), 
Motoda (9). However, using power peaking as the objective 
function, Naft and Sesonske (10) proposed a procedure for 
determining a loading pattern for a fuel cycle. He utilized 
a function which had two components. The first was a slowly 
varying component which represented the overall power 
gradient across the core. The second was a rapidly varying 
component which represented the effect of an assembly's 
eight nearest neighbors. The composition of each assembly 
was represented by the material buckling. With these three 
parameters, Naft was able to rapidly determine the relative 
power of each assembly in a particular loading. He then 
utilized a discrete direction optimization to solve for 
the optimum loading pattern. His major difficulty was that 
the optimization approach required a very large number of 
power calculations. 
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Mingle (11) developed a two-step procedure for the 
optimization of fuel management using perturbation theory to 
predict the effects of various core configurations. The 
first procedure was a cycle cost minimization using linear 
programming with a zoned core and discrete burnup groups. 
The second program utilized an individual fuel assembly 
shuffling sequence to minimize the maldistribution of power 
generation. This latter quantity was represented by a figure 
of merit or by an assembly power peaking factor. The use of 
an iterative perturbation theory allowed a rapid and easy 
calculation of the consequences of various fuel management 
decisions. This allowed many possibilities to be studied so 
that a linear optimal solution could be found. 
Fenech, Rohach, Gabel, Stevens and Wu generated a 
non-equilibrium fuel management optimization code for the 
EPRI (Electric Power Research Institute) (2). The 
technique used in the code was a binary exchange method. 
The program could be run using any of four different 
shuffling options: 1) free shuffle, 2) shuffle of the burned 
assemblies, 3) shuffle within batch only, 4) Stout's 
method (12). Binary exchange and Stout's method were both 
effective in reducing the radial power peaking factor. The 
Stout's method achieves lower power peaking in a shorter 
number of iterations, but the binary free shuffling obtained 
7 
the lowest power peaking factor after 50 or more number of 
iterations. 
From the studies cited, the methods were applied in an 
attempt to optimize the loading pattern either from a burnup 
standpoint, or to minimize the radial power peaking factor. 
There are still problems to be studied, these will be the 
major efforts in this study. One is the reduction of the 
number of iterations for power distribution calculations and 
a second is the reduction of the possible combinations of 
replacing and shuffling of the fuel assemblies. 
8 
III. NUCLEAR MODEL FOR ONE-QUARTER CORE SIMULATION 
A. Validity of Two-Group Model 
For the purpose of two-group diffusion calculations, a 
two-group, i.e., fast and thermal neutron cross section set is 
necessary. A series of codes was used for the cross section 
sets (13) ; RICAL was used for the calculation of the energy 
group resonance escape probabilities. FSTGP was used for 
fast group calculations. THLGP was used for the thermal 
group cross section calculations. THUFR was used for the 
thermal utilization factor calculations, MNCSN was used for 
the microscopic and macroscopic cross section calculations. 
These codes required the most basic input data, such 
as reactor cell geometry, compositions and temperatures, etc. 
The calculation was for a unit cell. Each unit cell contains 
one cylindrical fuel rod, metallic clad around the fuel rod, 
and a moderator. Additional codes calculated full depletion 
effects including the flux spectra before each discrete 
burnup step. Figure 3-1 is a flow diagram of these codes. 
The group constants were stored in an output file of 
MNCSN. That file provided the group cross sections for the 
core calculations, 
B. Development of the Two-Group Diffusion Theory Model 
Since many shuffling iterations may be necessary in 
order to find a good loading pattern, it is necessary to 
9 
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Figure 3-1. Flow diagram of the cell calculation codes 
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develop a nuclear model which could predict the power 
distribution of a one-quarter core model using only a few 
seconds of computer CPU time. The FLMNT (fuel management 
power distribution calculations) code (14) is a multi-group 
two-dimensional diffusion code which was used for the power 
calculations throughout this study. FLMNT has been modified 
as a subroutine of FULMNT, and renamed as a subroutine 
POWER. 
In the two-group perturbation theory, fast and fast 
adjoint fluxes, thermal and thermal adjoint fluxes are the 
elementary factors for the calculation, so that a two-group 
nuclear model is necessary for the problem. A brief 
description of that nuclear model is described below. 
The calculation of the power distribution is accom­
plished by solving the few-group diffusion equations 
-?.Dg(r),*g(r) + CRg(r)4g(r) = :sg'g*g' <£> 
where 
Dg(r) = diffusion coefficient for group g at position r 
* (r) = neutron flux for group g at r 
O 
* ,(r) = neutron flux for group g' at r 
O 
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Zg^(r) = macroscopic removal cross section for group g 
at r 
s , = macroscopic scattering cross section of neutron 
sg g 
scattering from group g' to g 
K = criticality eigenvalue 
Xg. = fission neutrons bom with energy in the gth group 
z^gi = macroscopic fission cross section for group g' 
where 
^ag macroscopic absorption cross section for group g 
These equations are solved by using finite-difference 
methods (1) to discretize the spatial variable. Following 
the usual inner-outer iteration strategy as shown in figure 
3-2, the criticality eigenvalue and the corresponding 
multigroup flux <t> (r) are solved. To be more precise, the 
O 
reactor core is broken up into a spatial grid or mesh, such 
as M mesh cells. Then the multi-group diffusion equation is 
integrated over a typical cell, and standard finite 
difference formulas are used to represent the terms in the 
equations. Hence, the mult: -group diffusion equations are 
replaced by an MxG set of algebraic equations, that is, an 
(MxQ) dimension matrix eigenvalue problem 
12 
Guess core 
geometry and 
composition 
Guess initial 
fission source 
s(0) and 
Criticality 
Search Inner iterations' (n+1) _ p^(n+l) 
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No 
Yes 
•eff No 
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FINISHED 
Figure 3-2. Calculation strategy for reactor criticality 
calculation 
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é . 
The elements of the matrices M and F are the few group 
constants supplied from the macroscopic cross section 
module (1). The matrix eigenvalue problem can then be solved 
by standard power-iteration methods. 
For core life time calculations, the power and flux 
distribution must be calculated at many time-steps during 
core life. The code also has the capability of computing 
the adjoint flux <t>g(r) . In this study these quantities are 
useful in making perturbation theory estimates of reactivity 
changes due to changes in core composition or configuration. 
These quantities are also useful for estimating the 
reactivity changes due to fuel assembly shuffling. 
14 
IV. PERTURBATION THEORY FOR THE ESTIMATION 
OF THE REACTIVITY CHANGE DUE TO FUEL SHUFFLING 
A. Two-Group Perturbation Theory Functional Analysis 
In order to determine the change of reactivity due to 
the shuffling of the fuels, the two-group perturbation 
theory is used to predict the possible reactivity change. 
Higher order perturbation theory could be used with some 
increased computational effort (15); however, a final 
computational check was made, and the use of two-group 
theory was considered adequate. 
Before proceeding with a discussion of shuffling 
techniques, a brief introduction of perturbation theory is 
given here (1). 
Define the inner product between two 2-dimensional 
vectors f(r) and g(r) as 
(f,g) = /yd^r {fi^(r)gi(r) + f2*(r)g2(r)} (4-1) 
Here v is the volume of fuel assembly located at 
position r. The function f^^(r) and f2*(r) denote the 
complex conjugate of f2_(r) and f2(r). 
Now use this inner product to construct the adjoints 
of the operators M and F: 
(M*^  f,g) = (f, Mg) (4-2) 
From the 2-group diffusion equations, one can write 
the matrix equation 
15 
M(t) " ^  (4-3) 
Here (j) is the neutron flux vector, k is the effective 
multiplication factor and 
M = 
-V-D^V + 0 
-Z 
\ S12 -vDzV + 2*2 
(4-4) 
F = 
v 
VlXl^fl V2%2%f2 
V2X2^f2 
(4-5) 
/ 
The subscript 1 denotes the fast-group and the subscript 
2 denotes the thermal-group. The rest of the notation is 
the same as in Chapter III. Then the adjoint of matrix 
M is 
M"*" = 
-vDiV + 
'^S12 
-V'DnV + Z R2 
(4-6) 
and the adjoint of matrix F is 
F"*" = 
\ 
ViXi^fi ^1^2^fl 
\'lX2^f2 
(4-7) 
In matrix form > the equations are 
Mij) - ^  F(|) (4-8) 
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and 
k F'*'*'*' (4-9) 
become 
-VD^V + Zri 
- z  sl2 -7.D2V + Za2 
1 
Vi^ f i  VgZfg' *1' 
k 0 0 
1 
-
e-
(4-10) 
and 
1 
0 
1 + 
^R1 "^sl2 -e
-
-V'Dg? + 2*2 j 
1 
k 
0 / 4-F \ i f i  
•^1 
^^ZF2 
i-
0 
(4-11) 
respectively. 
Note in particular that M"*" M and ^ F, that is, 
the two-group criticality problem is not self-adjoint as the 
case in one group problems. Hence, we find (|) *. 
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B. Two-Group Perturbation Theory Finite Difference Analysis 
The finite difference approximation to the two-
dimensional diffusion equation is 
"if •i+l j + "l-Xj •!-]. j + j+1 
+ i j+i j.i + 
1 1 *.s' (4-12) 
Here (^*-13) 
SjSj = -<M + D..S . r; i.i)/hsj (4-14) 3-J 
6 ^ •t®j = j + H! + + 'i j-i) 
+ ^  ("R fj "zj + 1 f-1 J_i) 
+ (^R f-1 j + :R i-1 j-l ^  j-l) (4-15) 
(^s f'l?l \ j-l) 
Cs f-î®J f-î'j-l \ j-l) (4-16) 
S S = -x® { _3i + vZfS j_i hg 
+ ^2^ (\^f 1-1 j hg j + vîf® j-l j-l) (4-17) 
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The two dimensional region figure is shown in figure 
4-1. The spatial grid nomenclatures are shown in this 
figure. The values of r^^, t^ 2±' ^31 arc: 
>^ 11 = + ¥>' 
,, h . 
(4-19) 
rsi =  ^ (4-20) JX ^ 
where p=0 for rectangular, cyclindrical, coordinates 
respectively. 
The matrix form of the finite difference equation is 
L(() + S(J) = ^  F(j) (4-21) 
If M = L+S (4-22) 
then M* = E F* (4-23) 
and the adjoint equation is 
^ F% (4-24) 
The reactivity change corresponding to perturbations 
in the core composition will have a matrix character. 
Suppose we were to modify the M term and F term in a 
particular region such that 
19 
*i-l j+1 
\-i j 
*i j+1 *1+1 j+1 
""l j 
Q2 PI 
i 
•i-1 j ^3 
- i 
•ij 1 *1+1 j 
i ^3 
1 
1 
Qo |Qi 
i 
^3 
^i-1 J-1 
*1-1 j-1 
^4 
^i j-1 
h j-1 *i+i j-1 
H 'r i-1 
- 1  
•\i 
fi fi+l 
Figure 4-1. A two-dimensional region 
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M' = M + 5M (4-25) 
and 
F' = F + 5F (4-26) 
Here 6M and 6F are assumed small, that is 
6M << M 
and 
6F << F 
The corresponding reactivity change is then given by 
Suppose we consider the reactivity change induced by 
perturbing the thermal absorption cross section by an 
amount of 
then 
(<j>*^» 6F-6M}())) 
A p  
(*+, F*) 
(4-27) 
6F = 0 (4-28) 
6M = 
6 e 
8 *:a2 
(4-29) 
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Here 6 is the zero matrix and is a thermal 
absorption matrix, then we can compute 
6M(|)) - #2^ ) 
0 6E a2 
*1 
<{.2 
- (*2 ' *Za2 *2) (4-30) 
Hence, 
A p  
a2 
(^2 ' *%a2 ^ 2) 
F*) 
(4-31) 
By the same procedure, if 
Di'= + 6D^ 
Dg' = Dg + 6D2 
'R1 
» _ 
= ÎRl + «E RI 
I _ 
= o + 6Z S12 ^S12 S12 
(4-32) 
(4-33) 
(4-34) 
(4-35) 
ViZfi+ Gv^Zfl 
^2^f2 ^^f2 Gv2%f2 
(4-36) 
(4-37) 
22 
then 
APOI = y (9*1^, 9*1) (4-38) 
Apd2 = I (9*2^' ^°2 9*2) (4-39) 
App^ = - i <|i^) (4-40) 
AS 12 " c (*2*^  38^ 2 *2) (4-41) 
Ap^i = ^ (*i^\ dvE^i 4>]_) (4-42) 
Ap£2 ~ c (4)2 ' GvEg2 *2^ (4-43) 
here c = (O^*^ ^2^f2'^2^ (4-44) 
The total reactivity change will be 
APtotal = ZAPi (4-45) 
Here the subscript i refers to the assemblies being changed, 
i.e. a reactivity change due to the change of 
vZ^2j etc* 
C. Perturbation Theory Applied in Fuel Shuffling Techniques 
Suppose two fuel assemblies are shuffled between 
position A and position B in a reactor core; then the param­
eters at position A will be changed by the amount of 
23 
^°1A = °1B - ^lA (4-46) 
= °2B - °2A (4-47) 
G^RIA = %R1B " ^RIA (4-48) 
^^S12A %S12B ' %S12A (4-49) 
^l^flB " ^l^flA (4-50) 
^ ^2^f2 ^2^f2B " ^2^f2A (4-51) 
The change in reactivity of a reactor caused by a 
shuffling of fuel assemblies becomes 
A p ®  = (4-52) 
(*^1 ' ^2^f2 *^2^ 
Here 
Ap® = change in p of the current core because of 
the moving of a type s fuel element to fuel 
assembly position H 
ôX^ = change of i type paramter, i.e., 6D^, 
= adjoint flux of group q at position i 
= flux of group q at position z 
24 
The thermal group, i.e., group 2, absorption and fission 
cross section changes are assumed to be the dominant factor 
between the different fuel assemblies. The reactivity 
changes caused by the other factors are less than these two 
- 2 factors by an order of 10" or less. Thus, we may neglect 
them without any effects on the final results. 
By using equation 4-52, one can estimate the reactivity 
of the reactor core after several fuel shuffles. When fuel 
assemblies are rearranged, if the core has its total 
reactivity reduced, that means the total neutron leakage 
is increased, than the peak power will also be reduced. 
The details of the shuffling procedures will be described 
in the following chapter. 
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V. LOADING AND SHUFFLING PROCEDURES 
A. Pattern Optimization 
At the end of each fuel cycle during the core life of 
a reactor, the decision as to which fuel elements are to be 
discharged must be made. Also, one must decide what the 
enrichment of the replacement fuel assemblies will be and 
into what location each fuel element is to be placed in 
order to obtain a desired goal at the end of the next 
cycle life. That means at each refueling the irradiated 
assemblies retained for further irradiation and the fresh 
assemblies have to be loaded in a suitable pattern to insure 
that the power distribution in the core is acceptable and 
that the power peaking does not exceed the predetermined 
maximum value. The determination of an optimum loading 
pattern requires accurate core physics calculations to 
determine the power distribution. It is necessary for fuel 
management optimization purposes to screen all the possible 
refueling schemes of batch size and fuel enrichment and to 
determine whether some loading patterns can accommodate 
the desired fresh fuel batch size and enrichment. The 
present fuel management optimization code. FULMNT, includes 
a binary exchange method (2) and the perturbation method for 
shuffling the fuel assemblies at the beginning of each cycle 
to determine whether a maximum allowable power peaking 
factor in the core can be achieved. The major constraint 
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in this operation is the maximum allowable assembly peaking 
factor. 
B. Fuel Assembly Loading Pattern 
The free shuffling routine is based upon a binary 
exchange of fuel assemblies. These assemblies have been 
ordered according to some particular hierarchies. Figure 5-1 
is an example of a burnup hierarchy in a quarter core. The 
particular hierarchy ordering can be by k^, burnup, or some 
other important neutronic properties. The center fuel 
assembly is unique in most cores and is treated separately 
from other assemblies. Those assemblies on the core center-
line belong to two different quarters so the properties of 
corresponding assemblies are averaged for the purpose of 
calculating the loading hierarchy, this is because of the 
quarter core symmetry assumption. 
In a quarter core geometry, the k^ values or burnup 
values are ordered from 1 to the last number, i.e., 53 for 
the reference reactor (3) used in this study. The lowest 
or the highest burnup is numbered 1 and the highest k^ or 
the lowest burnup is numbered 53. Column 1 and row 1 have 
the same assembly numbers again from the symmetrical quarter 
core configration. 
When a hierarchy is specified for the fuel assemblies, 
either k_^ hierarchy or burnup hierarchy, it is done without 
regard to assemblies in different batches in the core. 
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0 1 17 2 19 5 16 39 40 
1 18 3 20 9 23 14 38 41 
17 4 21 6 24 10 28 42 
2 22 8 25 11 29 33 49 
19 7 26 12 30 34 48 50 
5 27 13 31 35 47 51 
16 15 32 36 46 52 
39 37 44 45 53 
40 43 
Figure 5-1. An example of burnup hierarchy 
28 
However, in some cases, fuel assemblies in two different 
batches may have properties very close and the code may 
discharge assemblies from different batches. This may be 
undesirable from the standpoint of normal utility operating 
practice. 
An illustration of the use of this burnup hierarchy 
is given. Consider the case when 17 fresh assemblies, i.e., 
about one-third of a quarter core assemblies are loaded into 
the quarter core as shown in figure 5-2, Therefore, 17 
assemblies with the highest burnups in the previous cycle 
must be discharged; the lowest burnup of these discharged 
assemblies will then be loaded into the center location and 
given the number 0. Also, the configuration in Figure 5-2 
is an example of an out-in loading pattern, that is, the 
17 new fuel assemblies are loaded in the outer region of 
the core and the old fuel assemblies are in the core interior 
region. This procedure depends on the concept that the 
fresh fuel will have the highest values. This may not 
always necessarily be the condition, especially if the fresh 
fuel contains burnable poison. 
C. Minimum Maldistribution of Core Power Via Binary 
Shuffling and Perturbation Theory 
The reason for using perturbation theory to check the 
reactivity change due to binary shuffling is based on the 
fact that if the reactivity of the core is reduced by a 
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0 18 34 19 36 22 33 N N 
18 35 20 37 26 40 31 N N 
34 21 38 23 41 27 45 N 
19 39 25 42 28 46 50 N 
36 24 43 29 47 51 N N 
22 44 30 48 52 N N 
33 32 49 53 N N 
N N N N N • 
N N 
18-53: Burned fu 
N; New fuel 
Figure 5-2. New fuel assemblies loading pattern 
(before shuffling) 
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binary shuffling, then the overall core power peaking factor 
will also be reduced. If the reactivity is increased after 
a binary shuffling, that means the shuffling does not reduce 
the peaking factor and that shuffle is not completed. 
Therefore, shuffling procedures can be set up including 
some options and restrictions. If the fuel assemblies 
have been ordered according to hierarchy, then the 
procedures are : 
1. The shuffling routine starts with the lowest k^ (#1) 
assembly still remaining in the core and the next to 
lowest k_^ (#2) remaining in the core. 
2. After these two assemblies have been switched, use 
perturbation theory to estimate the core reactivity 
change due to this shuffling. 
3. If the reactivity change is a negative value, save this 
step, then find the fuel assemblies #3 and #4 in the 
hierarchy. 
4. If the reactivity change is a positive value, do not 
switch. Then find fuel assemblies #3 and #4. 
5. Repeat steps 1-4 increasing the hierarchy numbers 
until the predetermined highest assembly number has been 
reached. 
6. Recalculate the core power distribution and flux 
distribution. From the power distribution, the new power 
peaking factor can be obtained and from the new flux 
31 
distribution, the adjoint flux distribution can be 
obtained. 
7. According to the new distribution, a new loading 
pattern can be ordered. Again, the routine starts 
with the #1 assembly and #2 assembly as described in 
procedure 1. 
8. Repeat the same procedures from 1-7, till the pre­
determined power peaking factor restraint has been 
reached. 
Additional options may be put into those procedures. The 
options are: 
1. No restriction is imposed upon which assemblies can be 
shuffled. 
2. No fresh fuel assemblies can be shuffled. 
3. A limited number of fresh fuel assemblies can be 
shuffled. 
4. Switch between fuel assemblies #x and #x + i, here #x 
is the fuel assembly number and i = 1,2,...,N. For 
example, in case i = 1, then the switch is between #1 
and #2, #3 and #4, . . . . , #N-1 and #N. If i = 2, then 
the switch is between #1 and #3, #2 and #4, ,.., 
#N-2 and #N. 
5. A case of out-in loading pattern, as shown in figure 
7-4, is the initial loading pattern. In this case, 
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the exterior loaded fresh assemblies will be fixed 
(this is a variation of option 3). 
6. An arbitrary loading pattern, as shown in figure 7-10, 
is an initial guess loading before shuffling. 
7. Other kind of initial guess loading, such as the so 
called scatter or checker board loading is shown in 
figure 5-2. The shuffling pattern should be independent 
of the loading as given in 6 and 7. 
These options can be specified in the user's input 
file. The restrictions are: 
1. The center assembly will never be shuffled. This 
assembly is the highest k^ or the lowest burned assembly 
of the discharged assemblies which has been loaded 
into the center location. Then a high or a low 
burned assembly in the core will never be switched 
into this location, so a better power profile can be 
obtained. 
2. If the power fraction of assembly #x is higher than 
that of assembly #x + i, then there will not be a shuffle 
between these two assemblies, since reactivity will be 
added to assembly #x location and the power fraction 
will be higher than before. 
3. Any fuel assemblies which have been shuffled during the 
previous shuffle, will not be shuffled again until 
33 
the power distribution has been recalculated. 
4. Assembly rotation is not taken into account in this 
study. 
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VI. FULÎ^NT DESIGN DESCRIPTION 
The program includes 5 major portions. They are: 
1. A reactor core power calculation routine 
2. A two-group adjoint flux calculation routine 
3. A fuel assemblies loading routine 
4. A perturbation theory routine 
5. A fuel assemblies shuffling routine 
A main program was used for the control of the whole 
process. Several datasets were used for the convenience 
of the input-output process. The flow diagram of the 
program is shown in figure 6-1. 
Subroutine POVTER calculates the power distribution of 
the core, the power peaking factor, the eigenvalue, the 
fast and thermal flux distributions, the fast and thermal 
adjoint flux distributions and other core related param­
eters, The adjoint fluxes are stored in a dataset. This 
dataset is an input for the perturbation calculations. 
Also subroutine POWER has the capability of a burnup cal­
culation so that both BOC and EOC power distributions can 
be calculated. 
Subroutine FLOAD is a loading pattern routine. Con­
sider the sample loading for a particular cycle N, the value 
of N can be unity for the first cycle. In a quarter core 
example, there are 53 fuel assemblies. The center assembly 
is unique for the whole core, and the rest of the first 
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User's input 
dataset 1 
iJser's input 
(fixed) 
Group Cross 
Sections 
Dataset 
1&2 
Dataset 4 
To 10 
No 
Yes 
Dataset 5 
From 11 Yes 
No 
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>B.U, max.?, 
Peaking 
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Adjoint 
flux dis­
tribution 
Dataset 6 
Output 
POtifER 
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distribution 
Figure 6-1. Flow logic of FUL^'INT 
36 
Continued 
8 
From 4 
To 3 
Dataset 5 
No 
N>N 
max 
PTR 
perturbation 
theory 
FLOAD 
Loading 
Pattern 
SHUFL 
Binary 
Shuffling 
Technique 
Figure 6-1.continued 
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column assemblies are assumed to belong to the lower left 
quadrant of the core. The loading pattern chosen for cycle 
N+1 is one in which fresh fuel is loaded around the outside, 
all interior assemblies are alternated between once and 
twice or higher times burned fuel. This subroutine can 
arrange a or burnup hierarchy for the burned fuel. 
The assemblies will be labeled with numbers from 1 to 53. 
Here it is assumed that 17 assemblies will be discharged 
from the quarter core. 
A specified loading pattern for cycle N+1 can be 
constructed with the aid of figure 6-2. The burned fuel 
assemblies are shuffled into the interior of the reactor. 
The indices represent the previous positions of these 
assemblies. Since 17 assemblies have been discharged, the 
B.U. (burnup). 18 of the burned fuel is loaded into B.U. 
1 of the specified loading pattern. The B.U. 19 is loaded 
into B.U. 2, etc. The fresh fuel assemblies will be loaded 
into B.U. 36 through B.U. 53. 
Subroutine SHUFL is the shuffling routine. According 
to the user's input option, the routine starts with the lowest 
or the highest burned assembly still remaining in the 
core and the next one in the hierarchy ladder still 
remaining in the core. Then, the power peaks of these fuel 
assembly locations are checked. This procedure also 
depends on user's option. If the peaking factor of assembly 
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4(4 ,6)  1(5 .6)  1(2 .7)  1(6 .5)  1(7 .2)  1(7 .4)  1(4 .3)  N N 
1  17 2  19 5  16 39 40 
1(3 .4)  4(7 ,3)  4(2 .6)  4(5 .5)  4(3 .3)  4(5 .3)  N N 
18 3 20  9  23 14 38 41 
4(3 ,7)  4(6 .2)  1(4 .7)  1(5 ,2)  1(6 .3)  4(4 ,2)  N 
4  21 6  24 10 28 42 
1(2 .5)  1(4 .5)  4(7 .1)  1(3 ,6)  1(2 ,3)  1(4 .1)  N 
22 S 25 11 29 33 49 
1(5 .4)  1(6 .1)  4(6 .6)  1(3 ,2)  4(2 .2)  N N 
7  26 12 30 34 48 50 
4(2 ,4)  4(4 .4)  1(8 .1)  4(3 .1)  N N 
27 13 31 35 47 51 
4(3 .5)  4(5 .1)  1(2 .1)  N N 
15 32 36 46 52 
N N N N 
37 44 45 53 
N 
43 X(I .  J)  
N 
Batch type & previous  
cycle  loading ( Fresh fuel  
Y B.U.  Loading 
Figure 6-2. A specified loading pattern for cyecle N+1 
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#1 location is higher than that of assembly #2 location, 
then there will be no shuffle since reactivity will be 
added to assembly #1 location. If the peaking factor in 
assembly #2 location is larger than that of assembly #1 
location, then the assemblies will be switched. After each 
switch, the perturbation theory subroutine PTR will be 
called to check the estimated reactivity change due to this 
switch. If the reactivity change is positive, then this 
means the power peaking factor will be higher than before. 
In this case, the assemblies will not be shuffled and one 
looks for a new pair of shuffling candidates. This pro­
cedure is continued up the k^ or burnup ladder until the 
highest k^ or the lowest burnup is reached. At the end of 
the specified number of shuffles a new power calculation 
will then be made. In case a bad loading pattern is 
initially chosen, the process may require many iterations 
to effect a good loading pattern. A comparison with other 
methods has been made and will be discussed in the next 
chapter. 
Subroutine PTR is a perturbation routine. The data 
of fast and thermal fluxes, fast and thermal adjoint fluxes 
are provided by subroutine POWER. The burnup dependent 
group constant data are also provided by subroutine POWER. 
Subroutine PTR also checks the reactivity change for each 
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binary shuffling of the fuel assemblies. The theory of 
this subroutine has been described in Chapter IV, 
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VII. TESTS AND RESULTS 
A. Input Data Preparations 
The validity and feasibility of FULMNT have been checked 
by using a reference design (13). The design data of the 
reactor are described in the Appendix. The input data were 
prepared for this reference design. The burnup cross 
section data and isotopic data were obtained from a series 
of cross section generating codes as described in Chapter 
III. Five cross section sets were generated for five 
different fuel types. The enrichments of these fuel types 
are shown in table 7-1. The initial loading pattern of 
these fuel assemblies is shown in figure 7-1. The group 
constants of these types were stored in dataset 11. Data-
set 1 was the user's input data which were read by the main 
program; this dataset could be changed easily, since it was 
in the driving portion of the program. Dataset 10 was the 
user's input dataset also. The reactor physical data were 
included in this dataset; user's options and the other 
requirements were also included. Most data in this dataset 
were fixed for the reference reactor. In case the program 
is not run in a continuous manner, dataset 30 is used to 
store information that would be used for the next run. 
Reference 16 is a detailed description of the input instruc­
tion for FULMNT. Also the listing and the sample output 
of the program are described in this manual. 
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Table 7-1. Fuel enrichments of the initial loaded core 
# of # of burnable 
Fuel type Assemblies Enrichment (w/o) Shims 
1 73 1.8 0 
2 80 2.38 16 
3 40 2.88 0 
4 8 2.88 12 
5 16 2.88 16 
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4 1 4 1 4 1 4 1 5 
1 4 1 4 1 4 1 3 5 
4 1 4 1 4 1 4 3 
1 4 1 4 1 4 1 5 
4 1 4 1 4 1 2 5 
1 4 1 4 1 4 5 
4 1 4 1 2 5 
1 3 5 5 
5 5 
Figure 7-1. Fuel types in the initial loaded core 
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B. The Out-In Loading Pattern Tests 
Several successive cycles have been tested by using the 
out-in loading pattern as an initial loading guess. The 
following is a description of the procedures used for these 
tests and the results obtained from the tests. A different 
initial guess loading pattern was also tried. It will be 
described in the next section. 
The power, burnup and distributions of the initial 
core and the EOC core are shown in figure 7-2 and figure 
7-3. The EOC of the first core was about 450 full power" 
days. 
Figure 7-4 is the BOC of the 2nd cycle for the out-in 
loading pattern. According to the burnup hierarchy, one-
third of the highest burned fuel assemblies were discharged 
and the rest of the depleted fuel assemblies were moved 
into the inner region. The new fuel assemblies were loaded 
in the outer region of the core. The power peaking factor 
was determined to be 1.533. In order to reduce the power 
peaking factor, perturbation theory vas utilized. Table 7-2 
is an example of the Ak estimation via perturbation theory 
for one power iteration. For 10 fuel assembly shuffles, 
the core k^^^ change was -0.4633x10'^. The power peaking 
factor was reduced from 1.533 to 1.525. Table 7-3 is the 
sequence of 12 power iterations, which had a total of 156 
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Figure 7-2. BOC loading for the first cycle 
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Figure 7-3. EOC loading for the first cycle 
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Figure 7-4. BOC of the 2nd cycle, cut-in 
pattern, before shuffling 
loading 
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Table 7-2. An example of Ak estimation due to perturbation 
theory for one power iteration 
Assembly A (I.J) Assembly B (I,J) AkA.B net Ak 
(xioS) (xloS) (xlO^) 
3 2 0.3090 4 2 -0.3387 -0.0297 
3 3 0.8317 5 2 -0.9290 -0.0972 
5 2 0.0746 2 6 -0.0977 -0.0232 
2 6 -0.0800 3 4 0.0601 -0.0198 
3 4 0.0625 3 5 -0.0724 -0.0100 
4 4 1.024 5 4 -1.1390 -0.0116 
5 4 -0.1049 6 3 0.0959 -0.0090 
6 3 0.8957 4 5 -1.0320 -0.1368 
4 5 0.1978 3 6 -0.1996 -0.0018 
2 5 -1.0010 6 2 1.5810 -0.0200 
No. of shuffles: 10 
Total Ak: -0.4633x10 ^ 
Power peaking factor change: From 1.533 to 1.525 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
12 
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BOC shuffling sequence for cycle 2 ,  out-in 
loading pattern. 
No. of Power Peaking 
Shuffles Perturbation 6k Factor 
0 0 . 1.533 
21 -0.12x10'^ 1.520 
12 -0.9x10-2 1.501 
19 -0.12x10"% 1.289 
16 +0.3x10'^ 1.295 
11 -0.1x10"^ 1.295 
12 -0.1xlO"4 1.287 
11 -0.4xl0"4 1.283 
9 +0.1x10"^ 1.286 
11 -0.1x10"^ 1.282 
11 -0.1x10"^ 1.279 
11 +0.1xl0"4 1.282 
12 -0.1xl0"4 1.277 
156 -0.1036x10"! 1.277 
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fuel assembly shuffles, and which caused a change of 
-0.1036x10 ^ in Ak and reduced the power peaking factor from 
1.553 to 1.277. Figure 7-5 is the bumup hierarchy numbers 
before and after shuffling at the beginning of the 2nd cycle. 
Figure 7-6 is the power, burnup and k^ distribution of the 
quarter core at BOC, after shuffling. Figure 7-7 is the 
EOC distributions of the 2nd cycle. Again, according to the 
burnup hierarchy, one-third of the highest burned fuel 
assemblies were discharged at EOC of the 2nd cycle. The 
rest of the depleted fuel assemblies were moved into the 
inner region and the new fuel assemblies were loaded in the 
outer region of the core. The power peaking factor was 
1.709 for the out-in loading pattern. Figure 7-8 is the 
power, burnup and k^ distributions. After 147 shuffles and 
13 power iterations, the power peaking factor was reduced to 
1.335. The sequence is shown as table 7-4, and the 
distibutions after shuffling is shown in figure 7-9. 
Using the same procedures, one can find the best loading 
pattern for each cycle. 
All of the shuffling was done at equilibrium xenon 
and zero cycle exposure (17). Figure 7-2 to figure 7-9 
illustrates the use of the technique for successive cycles. 
Acceptable power peaking factors were found for each cycle. 
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17 9 30 7 36 48* 50* 
16 26 29 35 47* 51* 
14 33 6 25 47* 51* 
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21 16 28 46* 52* 
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X Before shuff ing 
Y After shuff l ing 
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Y* New fuel  assembly 
Figure 7-5. BOC of the 2nd cycle, bumup hierarchy 
before and after shuffling, cut-in loading 
pattern 
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Peak assembly is at (5,3) with value 1.277 
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Figure 7-6. BOC of the 2nd cycle, out-in loading 
pattern, after shuffling 
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Peak assembly is at (6,6) with value 1.361 
0.  717 
22446 
0 .930 
0.800 
22214 
0.982 
0.810 
22386 
0 .982 
0.832 
22525 
0 .981 
0.885 
22095 
0 .984 
0,923 
22689 
0.978 
0.883 
22040 
0.933 
0.881 
19719 
0.944 
0.934 
9134 
1.159 
0.817 
22422 
0.980 
0.822 
22695 
0.978 
0.766 
21782 
0.937 
0.797 
22400 
0.932 
0.853 
22839 
0.926 
0.978 
21760 
0.986 
1.001 
22456 
0.977 
1.207 
12014 
1.112 
1.017 
10191 
1.193 
0.862 
22931 
0.975 
0.868 
22742 
0,978 
0.815 
21668 
0.938 
0.945 
23064 
0.975 
1.281 
13123 
1.105 
0.945 
22813 
0.926 
1.017 
23696 
0.967 
1.289 
13038 
1.143 
0.884 
23101 
0.974 
0.894 
22622 
0.979 
0.838 
21575 
0 .940 
0.888 
21398 
0 .941 
0.939 
23521 
0.922 
1.060 
23567 
0 .971 
0.959 
21944 
0.930 
1.163 
11891 
1.153 
0.887 
22222 
0.981 
0.898 
21788 
0.987 
0.839 
21610 
0.940 
0.880 
23000 
0 .929 
1.066 
22512 
0.979 
1.133 
22194 
0.976 
1.289 
12966 
1.105 
1.093 
11027 
1187 
0.876 
22442 
0 .982 
0.812 
22735 
0 .929 
0.850 
22757 
0 .930 
1.016 
22265 
0.982 
1.119 
22041 
0.977 
1.361 
13491 
1.101 
1.316 
12894 
1.174 
0.846 
21753 
0.936 
0 . 9 6 0  
21674 
0.985 
0.979 
22773 
0.975 
0.932 
21777 
0 .931 
1.273 
12858 
1.106 
1.311 
12862 
1.174 
0.860 
19579 
0.945 
1.179 
11798 
1.113 
1.259 
12766 
1.145 
1.141 
11667 
1,154 
1.080 
10899 
1.188 
0.916 
8938 
1.159 
0.997 
9988 
1.194 
rower 
fract ion 
Bumup 
Figure 7-7. EOC of the 2nd cycle, out-in loading 
pattern 
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Peak assemble is at (6,5) with value 1.709 
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Figure 7-8. BOC of the 3rd cycle, out-in loading 
pattern, before shuffling 
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BOC shuffling sequence for cycle 3, out-in 
loading pattern 
No. of Power Peaking 
Shuffles Perturbation, Ak Factor 
0 0 1.709 
17 -0.156x10"! 1.652 
13 -0.150x10"^ 1.644 
11 -0.700x10"^ 1.639 
14 -0.152x10"% 1.479 
12 -0.231x10"% 1.465 
8 -0.636x10"^ 1.462 
13 -0.120x10"% 1.379 
14 -0.615xl0"3 1.344 
11 -0.732xl0"3 1.332 
8 +0.12xlO"4 1.335 
10 -0.1xl0"4 1.333 
7 +0.1x10"^ 1.336 
9 -0.1xl0"4 1.335 
147 -0.2346x10"! 1.335 
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Peak assembly is ac (6,5) wich value 1.335 
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Figure 7-9. BOC of the 3rd cycle, cut-in loading 
pattern, after shuffling 
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C. The Arbitary Loading Pattern 
FULMNT can also be applied to an arbitary loading 
pattern. Figure 7-10 shows an arbitary loading pattern 
before shuffling at BOC of cycle 2. After 119 fuel assembly 
shuffles and 12 power iterations, the power peaking factor 
was changed from 1.533 to 1.287 as shown in table 7-5. The 
final power distribution is shown as figure 7-11. This 
test shows that no matter how poor the initial loading is, 
after a reasonable number of shuffles and power iterations, 
a desired loading pattern can be found. This indicates that 
FULMNT is capable of finding very acceptable loading patterns 
even for a very bad initial loading. 
D, The Comparison of FULMNT's Results with Other Methods 
The results of CYCLOPS' method (18) and Stouts' method 
(12) were used for the comparison of the results from FULMNT. 
Table 7-6 is a comparison of the three methods. From 
the comparison, one can see that after 12 iterations, the 
power peaking factor using Stout's method and FULMNT's 
method is the same, i.e., 1.277, but after 25 iterations, 
Stout's result goes up and FULMNT's result remains stable. 
After 12 iterations, CYCLOPS' result is 1.421 and after 25 
iterations, the value is 1.283, still higher than the 12 
iteration value of FULMNT. From this fact, it clearly 
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Peak assembly is at (1,8) with value 1.533 
0.785 
15002 
0 .984 
0.832 
14320 
1.035 
0.737 
14277 
1.036 
0.790 
14268 
1.037 
0.847 
13453 
1.037 
0.919 
13411 
1.033 
0.991 
12593 
1.032 
1.111 
0.  
1 .110 
0.773 
0.  
1 .139 
0.926 
14320 
1.035 
0.883 
14317 
1.035 
0.758 
13869 
0.997 
0.760 
13700 
0.999 
0.807 
13290 
1.000 
0.955 
12709 
1.038 
1.005 
12531 
1.035 
1.104 
0.  
1 .115 
0.832 
0.  
1 .170 
1.003 
14277 
1.033 
0.955 
13745 
1.036 
0.812 
13701 
0.999 
0.892 
13285 
1.040 
0.939 
12745 
1.040 
0.899 
12503 
1.011 
0.905 
11468 
1.018 
1.083 
0.  
1 .145 
1.049 
14268 
1.033 
0.999 
13743 
1.035 
0.859 
13284 
1.004 
0.868 
12878 
1.009 
0.907 
12465 
1.010 
0.936 
11538 
1.020 
0.874 
11465 
1.017 
0.917 
0.  
1 .148 
1.084 
13453 
1 .034 
1.038 
13281 
1.038 
0.904 
13256 
1.005 
0.927 
12148 
1.013 
1.058 
11795 
1.038 
1.065 
10969 
1.036 
1.089 
0.  
1 .117 
0.843 
0.  
1 .170 
1.141 
13411 
1.037 
0.999 
13257 
1.001 
0.971 
12080 
1.013 
1.080 
11869 
1.040 
1.108 
10933 
1 .034 
1.220 
0.  
1 .115 
1.094 
0.  
1 .168 
1.262 
12593 
1.033 
1.199 
12067 
1.035 
1.110 
12033 
1.037 
0.995 
10600 
1.020 
1.201 
0.  
1 .117 
1.146 
0.  
1 .167 
1.533 
0.  
1 .110 
1.414 
0.  
1 .115 
1.315 
0.  
1 .144 
1.110 
0.  
1 .148 
0.975 
0.  
1 .170 
1.160 
0.  
1 .141 
1.142 
0.  
1 .169 
Power 
fract ion 
burnup 
k 
Figure 7-10. BOC of the 2nd cycle, arbitary loading, 
before shuffling 
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BOC shuffling sequence for cycle 2, arbitary 
loading 
No. of Power Peaking 
Shuffles Perturbation, Ak Factor 
0 0 1.533 
11 -0.163x10"^ 1.523 
10 -0.91x10'^ 1.522 
8 -0.11x10'^ 1.520 
14 -0.23x10"^ 1.511 
13 -0.30x10"^ 1.501 
9 -0.51x10"^ 1.480 
12 -0.49x10"^ 1.476 
8 -0.16x10"% 1.299 
9 -0.56x10"^ 1.295 
10 -0.11x10"^ 1.286 
8 -0.1x10'^ 1.285 
7 +0.2x10"^ 1.287 
119 -0.562X10"2 1.287 
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Peak assembly is at (3,8) wich value 1.287 
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Figure 7-11. BOC of the 2nd cycle, arbitary loading 
after shuffling 
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Table 7-6. Comparison of FULMNT's, CYCLOPS' and Stout's 
shuffling method results 
Assembly peak power after shuffling 
Type of shuffling 0 Itr. 12 Itrs. 25 Itrs. 
FULMNT's 
CYCLOPS' 
Stout's 
1.533 
1.476 
1.476 
1.277 
1.421 
1.277 
1.274 
1.353 
1.283 
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indicates that FULMNT has a better capability of finding a 
good loading pattern. 
The major computer CPU time for execution of shuffling 
program is spent in the power iterations. If one half of the 
power iterations can be saved, then about one-half of the 
CPU time can be saved. Normally, about 4/5 of the computer 
CPU time is spent on power iterations and only 1/5 of the 
time is spent on shuffling routines. 
In perturbation theory, it is assumed that the flux 
distribution in the reactor core is unchanged. For one power 
calculation, the flux distribution is constant for all 
shuffles, so that a limited number of shuffles have to be 
put in the shuffling routine. Table 7-7 is a comparison of 
the Ak values calculated by perturbation theory and by 
power calculations. The table shows that the mere shuffles 
for one power calculation, the greater the overestimate of 
the values of Ak. 
Table 7-8 is a comparison of the Ak values which were 
calculated by perturbation theory and were calculated by the 
binary shuffling method without a perturbation theory check. 
By the perturbation method, the values of Ak were all negative, 
the same results as shown in table 7-2, but if the binary 
shuffling technique was used without a theory check, the 
values of Ak had both positive values and negative values. 
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Table 7-7. Comparison of Ak values by perturbation theory 
and by power calculations 
No. of 
Shuffles 
Perturbation 
Ak 
Power 
Calculation 
Ak 
7o over­
estimated by 
Perturbation 
Theory 
6 0.46048xlO"5 0.43001x10"^ 7.06 
10 0.51023 xlO"^ 0.46013x10"^ 10.89 
20 0.11294x10"^ 0.10134x10"^ 11.45 
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Table 7-8. Comparison of Ak values by perturbation theory 
and by binary shuffling technique 
Ak 
Shuffling No. Binary shuffling Perturbation theory 
1 +0.2041x10"* -
2 -0.2973x10"* -0.2973x10"* 
3 +0.9171x10"? -
4 -0.9722x10"* -0.9722x10"* 
5 -0.2315x10'* -0.2315x10"* 
6 +0.3630x10'* -
7 +0.1871x10'* -
8 -0.1983x10"* -0.1983x10"* 
9 -0.1003x10"* -0.1003x10"* 
10 -0.1158x10"^ -0.1158xl0"5 
11 +0.3056x10"* -
12 -0.8982x10"? -0.8982x10"? 
13 +0.1138x10"* 
14 +0.5756x10"* 
15 -0.1368x10'^ -0.1368x10"^ 
16 +0.3953x10"* 
17 +0.9164x10"? 
18 +0.8347x10"? 
19 +0.1293x10"* 
20 +0.2385x10'* -
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Table 7-8 (Continued) 
Ak 
Shuffling No. Binary shuffling Perturbation theory 
21 +0.1941x10"? 
22 -0.1808x10'? -0.1808x10"? 
23 +0.1937x10"^ 
24 -0.2000x10"^ -0.2000x10"^ 
25 +0.7746x10"? 
— 
No. of 
Shuffles 
Power Peaking 
Ak Factor 
Perturbation Theory 10 -0.4633x10 ^ 1.533^1.525 
Binary shuffling 25 -0.9878*10"^ 1.533^1.530 
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The positive values of Ak will increase the core power 
peaking factor. Table 7-9 is a comparison of the power 
peaking factor changes by using these two methods. After 
12 power iterations, by using perturbation technique, the 
power peaking factor was reduced from 1.533 to 1.277, but by 
using the binary shuffling technique without perturbation 
theory check, the power peaking factor was reduced from 1.535 
to 1.436. That means more and more power iterations were 
needed. 
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Table 7-9. Comparisons of the power peaking factor by pertur­
bation theory and by binary shuffling techniques 
3 Iter. No. of shuffles Ak(xlO ) Power peaking factor 
No. P.T.a B.S.D P.T.a B.S.b P.T.a B.S.b 
0 0 0 0 0 1.533 1.533 
1 21 30 -0.12 -0.05 1.520 1.529 
2 12 24 -9.0 -0.17 1.501 1.515 
3 19 36 -0.12 +0.09 1.289 1.520 
4 16 41 +0.03 +0.05 1.295 1.523 
5 11 30 -0.01 -0.19 1.295 1.514 
6 12 36 -0.01 -0.57 1.287 1.489 
7 11 39 -0.04 +0.04 1.283 1.495 
8 9 20 +0.01 -0.95 1.286 1.453 
9 11 28 -0.01 06.36 1.282 1.395 
10 11 26 -0.01 +0.61 1.279 1.403 
11 11 23 -0.01 +1.35 1.282 1.421 
12 12 27 -0.01 +1.95 1.277 1.436 
12 156 360 -10.36 -4.20 1.277 1.436 
^Perturbation theory. 
^Binary shuffling. 
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VIII. SUMMARY AND CONCLUSIONS 
Optimization of the loading pattern to minimize the 
power peaking factor is an important factor in in-core fuel 
management. An optimum loading pattern is important from 
an economic aspect since it allows operation at the highest 
possible power density and still remains within safe operating 
limits. High power densities reduce both capital and fuel 
cycle costs. 
Iterative perturbation theory can be used to obtain a 
rapid calculation of the consequences of various fuel 
management decisions, A program FULMNT was developed to 
predict loading patterns which would have minimum power 
peaking factors. The tests and results of this study 
indicate that FULMNT is capable of shuffling the fuel 
assemblies to produce good power peaking factors for each 
reloading cycle. 
The key factors in the shuffling logic which were used 
in FULMNT are: 
1. The shuffling sequence can be according to either fuel 
assembly burnup hierarchy or k^ hierarchy. 
2. Perturbation theory is used for the estimation of the 
core reactivity change after binary shuffling. 
3. A power distribution calculation is made after a 
sequence of shuffles. 
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4. The same procedure can be applied at EOC or intermediate 
time. 
FULMNT utilizes a two-group coarse mesh diffusion 
theory method to predict the relative power of each fuel 
assembly. If a good computer CPU time and storage require­
ment are available, this technique may also be switched to 
a better or more powerful core calculation codes, for either 
two-dimensional or three-dimensional calculations. 
This technique may also be applied to other types of 
reactors, for example, BWR. Further study may also show 
that this technique can be applied to the on-power refueling 
of CANDU type reactors. 
70 
IX. REFERENCES 
1. J. J. Duderstadt and L. J. Hamilton, Nuclear reactor 
analysis (John Wiley and Sons, Inc., New York, 
1976). 
2. H. J. Fenech, A. F. Rohach, C. W, Gabel, W. Stevens and 
S. P. Wu, Advanced in-core fuel management 
optimization methodology for PWRs, EPRI Research 
project RP 1251-1 (1980), 
3. San Onofre nuclear generation 2 and 3 final safety 
analysis report. Southern California Edison Co., 
DOCKET 50361-137 (1977). 
4. S. Glasston and A. Sesonske, Nuclear reactor engineering, 
(D. Van Nostrand Inc., New York, 1967). 
5. I. Wall and H. J. Fenech, The application of dynamic 
programming to fuel management optimization, 
Nucl. Sci. Eng. 22, 285-297 (1965). 
6. R. L. Stover and A. Sesonske, Optimization of BWR fuel 
management using an accelerated exhaustive 
search algorithm, J. Nucl. Energy, 23, 673-682 
(1969). 
7. J. R. Fagan and A. Sesonske, Optimal fuel replacement in 
reactivity limited system, J. Nucl. Energy 2_3, 
683-696 (1971). 
8. A. Suzuki and R. Kiyose, Maximizing the average fuel 
burnup over entire core: A poison management 
optimization problem for multizone light-water 
reactor cores, Nucl. Sci. Eng. 121-134 
(1971). 
9. H. Mo toda, Burnup optimization of continuous scattered 
refueling, Nucl. Sci. Eng. 1-13 (1970). 
10. B. N. Naft and A. Sesonske, Pressurized water reactor 
optimal fuel management, Nucl. Tech. 14, 123-132 
(1972). 
71 
11. J. 0. Mingle, In-core fuel management via perturbation 
thoery, Nucl. Tech, 249-257 (1975). 
12. R. B. Stout, Optimization of in-core nuclear fuel 
management in a pressurized water reactor, Ph.D. 
thesis, Oregon State University, 1973. 
13. A. F. Rohach, Code manual of RICAL, FSTGP, THUFR, THLGP 
and MNCSN, Lecture notes, ISU KE 525, Dept. of 
Nuclear Engineering, Iowa State University (1980). 
14. A. F. Rohach, Code manual of FLMNT: Fuel management 
power distribution calculations, Lecture notes, 
ISU NE 525, Dept. of Nuclear Engineering, Iowa 
State University (1980). 
15. A. Dabi and D. J, Dudziak, High order flux perturbations, 
Nucl. Sci. Eng. 77, 153-156 (1981). 
16. L. W. Ho, FULMNT: The nuclear fuel management optimiza­
tion code, user's manual, Dept. of Nuclear 
Engineering, Iowa State University (1981) 
(unpublished), 
17. A, F. Rohach, Lecture notes for NucE 525, Dept. of 
Nuclear Engineering, Iowa State University (1980). 
18. H. J. Fenech, A. F. Rohach, C. W. Gabel, W. Stevens and 
S. P. Wu, CYCLOPS user's manual, EPRI Research 
project RP 1251-1 (1980). 
72 
X. ACKNOWLEDGEMENTS 
The author gratefully acknowledges the kind guidance 
of Dr. Alfred F. Rohach in the pursuit of this study. 
Special thanks are due to Dr, C. K. Cheng, who 
encouraged me to select fuel management as a dissertation 
project. 
I wish to thank all my fellow degree candidates in the 
Nuclear Engineering Department for their contribution to 
this dissertation both technical and non-technical. Special 
thanks are due to Mr. S. Yih, for his advice in the compu­
tational calculations. 
I wish to thank the Department oi' Nuclear Engineering 
for providing assistance during the entire course of this 
study. 
I would like to acknowledge Iowa State University and 
Institute of Nuclear Energy Research, the Republic of 
China for the computer funds provided and the financial 
assistance. 
Finally, special thanks are due to my wife for her 
encouragement—she has foregone many of the luxuries of 
life these past few years so that I might complete this 
degree. Thanks Hwa. 
73 
XI. APPENDIX: REFERENCE DESIGN DATA 
The reference reactor chosen for this study was San 
Onofre II, a 3,390 MWE Combustion Engineering pressurized 
water reactor, being built by Southern California Edison 
Company. Selection of this reactor resulted from the fact 
that it is typical of PWRs and large amounts of data from 
industry accepted computer physics and reactor simulator 
codes were available to the author for this particular 
reactor. 
The core design, thermal and hydraulic data from the 
San Onofre II FSAR (Final Safety Analysis Report) were the 
data used to make the calculations. Table 11-1 is a listing 
of these data. 
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Table 11-1. San Onofre II design data 
Hydraulic and thermal design parameters 
Rated core heat output, MW^ 3,390 
System pressure, norminal, psia 2,250 
Coolant flow 
Total flow rate, Ib/h 1.48x10^ 
Effective flow rate for heat transfer o 
Ib/h 1,428x10° 
Average mass velocity, Ib/h-ft^ 2.61x10^ 
Coolant temperature, °F 
Nominal inlet 553 
Design inlet 556 
Average rise in vessel 58 
Average rise in core 60 
Average in core 586 
Average in vessel 585 
Nominal outlet of hot channel 649.2 
Average film coefficient, But/h-ft^-°F 6,160 
Average film temperature difference, °F 30 
Average heat flux, Btu/h-ft^ 182,400 
Average thermal output, kW/ft 5.34 
Maximum clad surface temperature at 
nominal pressure, °F 657.0 
Fuel center temperature at 100% power °F 3,420 
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Table 11.1 (Continued) 
Core Mechanical Design parameters 
Fuel assemblies 
Rod pitch, in. 
Cross-section dimensions, in. 
Fuel weight (as UO2), lbs. 
Total weight, lbs. 
Fuel rods 
Number 
Outside diameter, in. 
Diametral gas, in. 
Clad thickness, in. 
Clad material 
Fuel pellets 
Material 
Diameter, in. 
Length, in. 
Nuclear design data 
Core diameter, in. (equivalent) 
Core height, in. (active fuel) 
H2O/U, unit cell (cold) 
0.5063 
7.972x7.972 
223.9x10^ 
314,867 
49,500 
0.382 
0.007 
0.025 
Zircaloy-4 
UO2 sintered 
0.325 
0.390 
136 
150 
3.35 
76 
Table 11.1 (Continued) 
Number of fuel assemblies 217 
UO'm rods per assembly, unshimmed/shimmed 
Batch A 
Batch B 
Batch C 
236 
236/220 
236/224 or 
220 
Feed enrichment, wt% 
Region 1 1.87 
Region 2 2.38 
Region 3 2.88 
Control characteristics effective multiplication 
(beginning of life) 
Cold, no power, clean 1.170 
Hot, no power, clean 1.125 
Hot, full power, equilibrium 1.067 
Kinetic characteristics, range over life 
Moderator temperature coefficient, A p/°F 0 to -2x10 ^ 
Moderator pressure coefficient, A p/psi 
Moderator void coefficient, Ap/% void 
Doppler coefficient, Ap/°F 
0 to 2x10"* 
0 to -1.6x10 -3 
,5 
•l.SxlO" 
1x10 to 
,-5 
